Objective. Cognitive behavioral therapies decrease pain and improve mood and function in people with osteoarthritis. This study assessed the effects of coping strategies on the central processing of knee pain in people with osteoarthritis of the knees.
Methods. Mechanical pressure was applied to exacerbate knee pain in 28 people with osteoarthritis of the knee. Reports of pain intensity and functional magnetic resonance imaging measures of painrelated brain activity were recorded with and without the concurrent use of pain coping skills.
Results. Coping skills led to a significant reduction in pain report (Coping 5 2.64 6 0.17, Not Coping 5 3.28 6 0.15, P < 0.001). These strategies were associated with increased activation in pain modulatory regions of the brain (medial prefrontal and rostral anterior cingulate cortices, P corrected < 0.05) and decreased pain-related activation in regions that process noxious input (midcingulate cortex, supplementary motor area, secondary somatosensory cortex, and anterior parietal lobule, P corrected < 0.05). The magnitude of the decrease in pain report during the use of pain coping strategies was found to be proportional to the decrease in pain-related activation in brain regions that code the aversive/emotional dimension of pain (anterior insula, inferior frontal gyrus, orbitofrontal cortex, P corrected < 0.05) but did not differ between groups with and without training in coping skills. However, training in coping skills reduced the extent to which brain responses to noxious input were influenced by anxiety.
Introduction
Osteoarthritis of the knee (KOA) is a common painful musculoskeletal disease and a leading cause of global disability [1] . In addition to pain and reduced physical functioning, KOA is associated with increased psychological distress, with symptoms of anxiety and depression often impairing patients' ability to cope with their condition [2] . Therapies based on cognitive behavioral principles, such as Pain Coping Skills Training (PCST), that equip patients with the skills to self-manage the consequences of their disease over the long term are beneficial for reducing the impact of pain in people with KOA and other painful chronic musculoskeletal conditions [3, 4] . The general principle of PCST is that patients can learn adaptive strategies for coping with pain and that the adoption of these skills will lead to better clinical outcomes [5] .
The benefits of PCST in reducing pain report and improving mood and function are not in question [5, 6] . However, the mechanisms by which the utilization of coping strategies alters pain report remain unclear. For instance, do patients who learn coping skills simply appraise and label their pain differently, or do coping skills change the way nociceptive input is processed by the central nervous system? The present study examined whether the utilization of pain coping skills alters central nervous system processes underlying the experience of clinically relevant pain by measuring whether the use of coping skills leads to changes in pain report and functional magnetic resonance imaging (fMRI) measures of pain-related brain activity evoked by knee pressure in people with KOA. In addition, we sought to determine whether these changes are dependent on prior training in the use of pain coping skills.
Pain is a complex subjective experience shaped by an interplay between sensory, emotional, and cognitive factors. This multidimensional nature of pain is reflected by the widely distributed network of brain regions that have been identified by previous neuroimaging research to play a role in pain processing [7] [8] [9] . Although patterns of pain-related brain activations have been shown to vary across different experimental paradigms, a number of brain regions, including the primary and secondary somatosensory cortices (S1, S2), insula, and midcingulate cortex (MCC), have consistently shown increased activation under experimental induction of pain [10] [11] [12] .
Previous research has described modification of pain responses by cognitive processes in experimental paradigms involving placebo analgesia [13, 14] , perceived control of stimuli [15] , and distraction [16] . In addition to the expected effects of decreased subjective reports of pain and decreased activation in pain-processing regions of the brain, these experiments show that modulation of pain is often accompanied by increased activation of brain regions such as the anterior cingulate cortex (ACC), prefrontal cortex (PFC), and brainstem periaqueductal grey (PAG) that are not typically activated during pain in the absence of a modifying influence [17] .
This study sought to determine the effects of PCST on central nervous system processes underlying the experience of knee pain in people with KOA. The utilization of pain coping skills in the present study was expected to enlist endogenous analgesic mechanisms that function to modulate the processing of nociceptive inputs to the brain. In addition to a decrease in subjective pain report, coping skills-induced endogenous pain modulation was expected to manifest as two discernable patterns of regional brain responses, characterized by 1) reduced activation in brain regions that process noxious input and 2) increased activation in brain regions implicated in pain modulation. Further, the benefit of using pain coping skills (indicated by reduced pain report and changes in painrelated brain activation) was expected to be greater in participants who had previously undergone a PCST course compared with participants who had completed an exercise training course of similar duration.
Methods

Participants
Thirty-four people with right-knee OA gave informed consent to participate in the research, which was approved by the University of Melbourne's Behavioural and Social Sciences Human Ethics Sub-Committee. Participants were enlisted from an existing clinical trial investigating whether treatment combining both exercise and Pain Coping Skills Training (PCST) is more beneficial than either exercise or PCST alone for the management of osteoarthritic knee pain [18] . Participants in the initial clinical trial fulfilled the American College of Rheumatology classification criteria [1] for OA in at least one knee and had been randomly assigned to one of three groups involving an exercise training intervention with or without a PCST intervention (for an outline of the 10-module PCST program used in the clinical trial, see [19] ). A subgroup of participants who completed the initial clinical trial were invited to participate in the present study, based on the following inclusion criteria: radiologically confirmed OA of the right tibiofemoral joint (Kellgren and Lawrence [KL] grade > 2) [20] , adherence to treatment protocols in the initial clinical trial, proximity (living <25 km from the scanning center), and availability for scanning. Contraindications to MRI (presence of certain implanted metallic devices, history of claustrophobia, body mass index [BMI] > 40) served as exclusion criteria. Data from four participants who were unable to complete the scanning protocol due to claustrophobia (three participants) or excessive discomfort (one participant) were excluded from analysis. The study sample thus consisted of two groups: a PCST group (N ¼ 14) who had undergone a 12-week course in pain PCST and an age-matched control (Ex Only) group (N ¼ 14) who had completed a 12-week exercise intervention without any cognitive training. All participants denied any analgesic use on the day of testing. Demographic details for each of the study groups are presented in Table 1 .
Procedures
Participants attended two consecutive experimental sessions-a psychophysical testing session to determine pain thresholds, followed by an MRI scanning session. Both sessions were conducted on the same day at the Murdoch Children's Research Institute, and they were each approximately 1.5 hours in duration.
Pain Threshold Determination
During an initial psychophysical testing session, the right knee joint was palpated to locate the most sensitive area. A hydraulically driven magnetic resonance imaging-compatible pressure algometer was then used to apply short-duration (approx. six-second) pressure stimuli to the located tender spot on the right knee. Participants rated the intensity of each stimulus trial using an 11-point numerical descriptor pain rating scale ranging from 0 (no pain sensation) to 10 (worst pain imaginable). The method of limits was used to determine the minimum amount of knee pressure required to elicit an initial report of just noticeable pain (0.5/10). A triple random staircase procedure was then used to determine thresholds for just noticeable pain, weak pain (2.5/10), and moderate pain (5.5/10). Participants rated the intensity of each stimulus trial immediately after stimulus removal. The subjective rating of pain was used to determine the magnitude of the next stimulus delivered in the respective staircase. To avoid sensitization of the knee joint, stimuli were delivered at least 20 seconds apart. Each staircase was resolved when participants provided two alternate ratings above and below the target rating for the respective threshold. The decision to use a stimulus-dependent procedure to assess pain sensitivity in this study was motivated by both ethical and methodological considerations. A stimulus-dependent procedure enables stimulus intensity to be carefully tailored to each participant's subjective pain response. This represents a safe method to deliver an experimental pain stimulus to participants with a clinical pain condition and reduces the risk of excessive levels of pain during the testing procedures. The advantages of the stimulusdependent method are that the stimulus intensity required to reach the target response (i.e., the threshold) is in physical units, and this arrangement reduces ambiguity by keeping the perceptual intensity constant across participants. At the end of this initial session, participants also completed the State Anxiety Scale of the Spielberger State Trait Anxiety Inventory [21] .
Brain Imaging
In a subsequent session, anatomical and functional MRI data were collected at the Murdoch Children's Research Institute, Melbourne, Australia. Images were acquired using a Siemens 3 T Trio system MRI scanner (Siemens AG, Erlangen, Germany) with a 32-channel head coil. Prior to entering the scanner, all participants were retested to confirm their moderate pain thresholds with pressure stimuli of 20-second stimulus duration. In cases where participants provided pain ratings !6/10, the stimulus intensity was reduced by 0.5 kg until the maximum stimulus intensity that evoked a moderate pain report was determined. During image acquisition, participants lay comfortably on the scanner bed with their head stabilized with foam padding. Participants were provided with hearing protection. A periscope mirror attached to the scanner head coil enabled participants to view a projector screen that provided visual cues for pain ratings throughout the experimental session.
High-resolution T1-weighted anatomical images were acquired in the sagittal plane (192 slices, 0.84-mm slice thickness, 0.84Â0.84 mm 2 in-plane resolution, echo time (T E ) ¼ 2.59 ms, repetition time (T R ) ¼ 1,900 ms, flip angle ¼ 9
). Functional brain imaging was performed using the blood oxygen level-dependent (BOLD) contrast. Whole-brain echo planar images were acquired every two seconds (32 axial slices, 4.5-mm slice thickness, 3.28Â3.28 mm 2 in-plane resolution, TE ¼ 35 ms) during four fMRI scans of 6.4 minute duration (192 volumes). During fMRI scanning, participants experienced intermittent blocks of knee pressure of 20-second duration interleaved with no-stimulus blocks of 40-second duration ( Figure 1 ). Each fMRI scan included two 20-second blocks of innocuous pressure, weak pain, and moderate pain stimuli, according to subjective thresholds determined in the previous psychophysical testing session. The stimulus delivery pattern, as shown in Figure 1 , was repeated across the four fMRI scans and for each participant, so that each participant received a total of 24 stimulus blocks across the four scans, eight corresponding to innocuous pressure, eight corresponding to weak pain, and eight corresponding to moderate pain.
Participants received a visual cue to rate the pain associated with the previous stimulus block 12 seconds after stimulus offset. fMRI data were collected under two conditions-Coping and Not Coping. Prior to the commencement of each Coping scan, participants were instructed to use their thoughts to reduce the intensity of the sensation when pressure was applied to the knee. In order to avoid diminishing the quality of fMRI data by introducing artifacts associated with movement or changes in breathing rate, participants were explicitly instructed to use mental strategies (e.g., pleasant imagery, counting backwards, counting in a different language) as opposed to breathing and muscle-related relaxation during Coping scans. Prior to each Not Coping scan, participants were instructed to not use any coping strategies. Each condition (Coping and Not Coping) was presented twice for each participant, and the order of presentation was counterbalanced across participants in each group. Immediately after the scanning session, participants were asked to confirm whether they had used coping strategies as instructed, to describe the strategies they had used, and to evaluate whether they believed their coping efforts had any effect on decreasing the magnitude of evoked knee pain.
Data Analysis
Demographic, Psychometric, and Psychophysical Data Analysis
Analysis of nonimaging data was performed using PASW statistics (version 18.0.0; SPSS, Inc., Chicago, IL, USA; www.spss.com). Independent t tests were used to test for differences between the groups in age, BMI, Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), visual analog scale (VAS) ratings for clinical knee pain, and levels of anxiety. A Mann-Whitney U test was performed to assess for group differences in KL grade. The stimulus magnitudes corresponding to each participant's thresholds for just noticeable pain, weak pain, and moderate pain were determined by averaging the four stimulus intensities used to resolve each staircase in the triple random staircase procedure.
Repeated measures analysis of variance (ANOVA) was used to test the effects of group (PCST, Ex Only), pain threshold level (just noticeable pain, weak pain, and moderate pain), and their interaction on stimulus magnitude. A second repeated measures ANOVA was performed to assess the effects of group (PCST, Ex Only), stimulus type (innocuous pressure, weak pain, moderate pain), and their interaction on stimulus magnitude used during fMRI scanning. A third repeated measures ANOVA was performed to assess the effects of group (PCST, Ex Only), condition (Coping, Not Coping), and their interaction on subjective ratings of recalled pain during fMRI scanning. A criterion alpha of 0.05 was used to test significance for all nonimaging data analysis. The assumption of sphericity for repeated measures Figure 1 Experimental protocol used during functional magnetic resonance imaging scanning. Following a 30-second initial baseline period, pressure stimuli were applied to the knee joint in 20-second blocks, flanked by 40-second interstimulus intervals over a 6.5-minute scan. Participants were cued via visual presentation to provide a pain rating 12 seconds after each stimulus block. The protocol was repeated over four scans-two "Coping" scans in which participants used cognitive strategies to reduce the sensation of pressure being applied to their knee and two "Not Coping" scans during which participants did not use any coping strategies. IP ¼ innocuous pressure; MP ¼ moderate pain; NO ¼ no stimulus (baseline); WP ¼ weak pain.
ANOVA was assessed using Mauchly's test in PASW. In cases where the assumption of sphericity was violated, the Greenhouse-Geisser correction was used to adjust the degrees of freedom for tests of significance. For each participant, a "coping effect" was calculated by subtracting the average pain rating given following the delivery of noxious stimuli (weak pain and moderate pain) during Coping scans from the average of pain ratings given during Not Coping scans.
Functional Brain Imaging Analysis
Preprocessing and statistical analysis of brain imaging data were undertaken with the fMRI Expert Analysis Tool (FEAT) from the FMRIB Software Library (FSL; www.fmrib.ox.ac.uk). Anatomical and functional images were stripped of nonbrain voxels using the Brain Extraction Tool implemented in the FEAT program [22] . EPI time series were motion-corrected using FLIRT [23] , high pass-filtered with a 100-second filter cutoff, and spatially smoothed with a Gaussian kernel of 5 mm full width at half maximum. Statistical analyses of each individual scanning run for each participant were performed using FMRIB's Improved Linear Model (FILM) prewhitening to correct for local autocorrelation [24] . Models of individual scans incorporated three regressors representing the timing of knee pressure at levels corresponding to innocuous pressure, weak pain, and moderate pain. An additional regressor was included in the modeling of individual scans to represent rating events. Regressors for the experimental events were convolved with the gamma function to take account of the hemodynamic response. Motion correction parameters were included as regressors of no interest to remove any residual effects of head motion and thereby reduce type 1 error. Parameter estimates representing the fits of BOLD signals to the regressors were used in contrasts of weak pain greater than innocuous pressure, moderate pain greater than innocuous pressure, and all pain (weak pain and moderate pain) greater than innocuous pressure. Statistical parametric maps of the contrasts were subsequently coregistered with participants' highresolution T1-weighted images, and then registered to a standard brain to permit higher levels of analysis [23] .
The second level of analysis involved fixed effects modeling across scanning runs within each participant. The average effects for the contrasts of weak pain greater than innocuous pressure, moderate pain greater than innocuous pressure, and all pain greater than innocuous pressure were generated for the two Coping scans and the two Not Coping scans. Contrasts were also made for the two pain activations between the Coping and Not Coping conditions that included both possible directions of difference (i.e., Coping > Not Coping and Not Coping > Coping). For each participant, pain-related activation (all pain > innocuous pressure) under each experimental condition was determined by averaging across the two Coping and Not Coping scanning runs, respectively. Contrasts were also generated to test for The third level of analysis tested for within-and between-group differences in pain-related regional brain responses modeled as mixed effects using FMRIB's Local Analysis of Mixed Effects. The contrasts of parameter estimates (COPEs) from the second level of analyses were used as inputs to determine effects within the entire study sample (N ¼ 28) as well as within each of the two groups (PCST, Ex Only) and to determine between-group differences in either direction (PCST > Ex Only; Ex Only > PCST).
Pain activation levels were also tested with the FEAT program for correlations with psychophysical and psychometric measures including recall of recent pain ratings and state anxiety. The tests of correlations examined common variance between pain activations and the other measures for each group separately, and also tested for differences between the groups in the levels of correlation. Significant pain-related activations during Coping scans, Not Coping scans, and for the conjunction between Coping and Not Coping scans were identified using clusters determined by a voxel inclusion threshold of z ¼ 3.1 and a corrected cluster significance threshold of P < 0.01 [25] . For all other contrasts, voxels showing significantly increased BOLD activity were identified using a threshold of z ¼ 2.3 and a corrected cluster significance level of P < 0.05. The use of more stringent thresholds for voxel inclusion and cluster significance in the primary analyses of painrelated activation during Coping and Not Coping scans enabled better localization of activation clusters. These thresholds were then relaxed for more exploratory subsequent analyses. Anatomical brain regions were identified using Atlas tools contained in FSLview (www.fmrib. ox.ac.uk). The FSL function fslstats was used to identify the number of activated voxels within each anatomical region (cluster size) as well as the coordinates and z statistic of the maximally activated voxel within each cluster. 
Results
Demographic and Behavioral Data
All participants confirmed that they had attempted to use a cognitive pain coping strategy during stimulus delivery periods in Coping scans and denied the use of any strategies during Not Coping scans. Responses were analyzed to determine whether the two groups differed with respect to the type of pain coping strategy they used. Each strategy was classified into one of three types: pleasant imagery (e.g., visualizing a holiday destination, imagining self at the beach; time this strategy was used for each group ¼ Ex Only: PCST ¼ 4: 6), cognitive task (e.g., counting backward, recalling numbers worn by players in a football team, counting in different languages; Ex Only: PCST ¼ 4: 3) and other (e.g., symbolic imagery, prayer, imagining listening to music, or using a combination of different strategies; Ex Only: PCST ¼ 6: 5). Using Fisher's exact test (two-tailed), group and strategy type were found to be independent (P ¼ 0.80), indicating that choice of strategy did not differ between groups.
In-Scan Ratings of Evoked Knee Pain
Repeated measures ANOVA revealed a significant main effect of stimulus intensity, with participants reporting higher levels of knee pain following the delivery of moderate pain stimuli than following the delivery of weak pain stimuli (F[1, 26] ¼ 267.94, P < 0.001). However, there was no significant interaction between intensity Â group (F[1, 26] ¼ 1.03, P ¼ 0.32), indicating that participants in both the PCST and Ex Only groups rated moderate pain stimuli as more painful than weak pain stimuli. The intensity Â condition interaction was also not significant (F [1, 26] ¼ 0.24, P ¼ 0.63), indicating that the magnitude of the change in subjective pain ratings provided during Coping and Not Coping conditions was not different for moderate pain and weak pain stimuli. Finally, the three-way interaction between intensity (weak pain, moderate pain) Â group (PCST, Ex Only) Â condition (Coping, Not Coping) was also not significant (F [1, 26] ¼ 0.66, P ¼ 0.43). Given that there was no significant effect of stimulus intensity on coping efforts for either group, weak pain and moderate pain stimulus blocks were combined for the remaining analyses.
Behavioral data for weak pain and moderate pain stimuli are presented in the Supplementary Data.
There was an expected main effect of condition, with a significant decrease in recalled pain reported when participants were using cognitive pain coping strategies compared with when they were focusing their attention on knee pressure stimuli (mean 6 SE; "Coping" ¼ 2.64 6 0.17 vs "Not Coping" ¼ 3.28 6 0.15, F[1, 26] ¼ 29.55, P < 0.001) (Figure 2) . Overall, the use of pain coping strategies resulted in a 19.5% decrease in mean subjective pain ratings (17.3% and 20.3% in the Ex Only and PCST groups, respectively). However, contrary to expectations, there was no significant group by condition interaction (F[1, 26] ¼ 0.06, P ¼ 0.82), with both groups reporting significantly less pain during the Coping condition compared with the Not Coping condition. There was also no significant effect of strategy type on coping effect, indicating that the approaches used by participants during coping scans did not differ in their effectiveness in reducing pain (F[2, 27] ¼ 2.66, P ¼ 0.08).
Brain Imaging Results
Regional Increases in BOLD Signal Activity Associated with the Experience of Evoked Knee Pain
Analysis of fMRI data revealed a common network of pain-related brain activity under both Not Coping and Coping conditions. This included increased activation across primary somatosensory and motor cortices (S1 and M1, respectively) and supplementary motor area (SMA), as well as secondary somatosensory (S2), anterior midcingulate (aMCC), and insula (INS) cortices during noxious knee pressure. A comprehensive list of pain-related brain activations during each condition is presented in the Supplementary Data. Renderings of activations and deactivations for weak pain and moderate pain are provided in the Supplementary Data. 
Decreased Pain-Related Brain Activation Associated with the Use of Pain Coping Strategies
Consistent with the observation of decreased pain reports, pain-related activation during Coping was decreased compared with Not Coping (Table 2) . Regions showing a coping-related decrease in pain activation included premotor cortices, paralimbic cortex, frontal cortex, and parietal cortex. A cluster with a peak in the supplementary motor area extended caudally to include the paracentral lobule, which is the medial extension of the primary motor and sensory cortices likely to represent the lower limbs. BOLD signal decreases ranging from 27% to 43% were identified across pain-activated brain regions when participants were using cognitive pain coping strategies compared with when they were attending to pressure stimuli ( Figure 3) . Individuals who were more successful at utilizing pain coping strategies showed the largest coping-related BOLD signal decreases in the right insula (32, 20 Figure 5 ). The PCST group had a greater level of activation associated with the use of pain coping strategies compared with the Ex Only group in two regions in the left hemisphere: the hippocampus (-24, -24, -16; peak z ¼ 3.37) ( Figure 5B ) and the amygdala (-24, -6, -18; peak z ¼ 3.21) ( Figure 5C ).
The between-group differences identified for the contrast Coping > Not Coping were not in pain-processing regions. Consequently, associations with anxiety were assessed to establish if emotional state might have a bearing on the between-group effects. This was done by correlating parameter estimates for the Coping contrast with levels of state anxiety (measured by the State Anxiety Scale of the Spielberger State-Trait Anxiety Inventory [STAI-S]). For the participants in the PCST group, the level of state anxiety was unrelated to the level of pain activation. However, as shown in Figure 6 , for the Ex Only group, state anxiety was significantly correlated with pain activation in a number of emotional processing regions, including the left orbitofrontal cortex (-14, 12, -22; peak z ¼ 3.53) and bilateral anterior insula (36, 14, -6; peak z ¼ 4.90; -32, 14, -8; peak z ¼ 3.50).
Estimates of BOLD signal change for each participant extracted with the FSL tool Featquery from the insula and orbitofrontal cortices were plotted against state anxiety levels to illustrate the associations in the respective groups. Fisher r-to-z transforms were performed to determine the probability of differences between the groups in the levels of correlation. These analyses showed significantly increased levels of correlation for the Ex Only group compared with the PCST group in the anterior insula (P 0.04) and orbitofrontal cortex (P 0.02).
Discussion
The present study employed a clinically relevant evoked pain stimulus to investigate changes in supraspinal pain processing associated with the utilization of cognitive pain coping strategies in people with KOA. As predicted, and in agreement with the findings of previous studies [16, [26] [27] [28] , both reported pain intensity and pain-related brain activation evoked by fixed-intensity stimuli were significantly decreased when patients used cognitive pain coping strategies. These results provide further evidence in support of the benefits of using cognitive strategies such as distraction and mental imagery to decrease the experience of clinical pain.
In addition to decreased levels of pain-related activity across known pain-processing brain regions, the use of coping skills was also found to be associated with increased activation in the mPFC and rACC. The finding of increased coping-related activation in the mPFC and rACC is not unexpected, given that these regions have been consistently implicated as playing a role in pain modulation in studies using distraction [16, 29, 30] , hypnosis [31, 32] , and placebo paradigms [14, 31, 33, 34] , and it suggests that utlilization of cognitive pain coping skills may enlist descending inhibition of nociceptive input [26, 35] . The pattern of signal changes in these regions was positive during coping efforts and negative when participants were not using coping skills, indicating that the coping-related effect may have reversed the default for negative signal changes in a region that typically The success with which individuals were able to decrease their experience of pain by using cognitive strategies was found to be proportional to the decrease in pain-related activation identified in several paralimbic regions, namely the aINS, IFG, and OFC, which have been previously implicated as playing a role in coding the aversive or emotional dimension of pain. The aINS and OFC are recognized as key brain regions involved in interoceptive awareness [36] [37] [38] , and the aINS in particular has been implicated as a key region involved in the integrated processing of affective and autonomic experiences [39] . Moreover, fMRI pain studies have shown that activation in the aINS is more closely related to the experience of unpleasant emotions associated with impending pain, rather than the processing of noxious input per se [40, 41] , and activation in this region has also been reported in participants observing others in pain [42] , further implicating the aINS in processing the unpleasant/aversive dimension of pain. The results of the present study thus indicate that enlistment of cognitive pain coping strategies functions to disrupt emotional pain processing-participants who were better able to cope with noxious stimuli were more likely to downregulate activation in brain regions that code the unpleasant/aversive aspects of pain.
Limbic Regions Are Enlisted During the Utilization of Practiced Pain Coping Skills
Contrary to expectations, the influence of pain coping skills on pain report was not dependent on whether participants had been randomized to a PCST condition in which they received formal training in how to use pain coping strategies, with no significant between-group differences found in the reduced magnitude of evoked pain or regional brain activation. However, analysis of between-group differences in pain-related activation during coping scans revealed that participants in the PCST group showed greater levels of pain-related activation in the amygdala and hippocampus than participants without prior training. While these regions are not typically activated in fMRI-evoked pain paradigms, they have been identified in studies of ongoing pain, and previous research suggests that they play a role in processing the emotional aspect of pain [43] . The amygdala is principally ascribed a role in aversive learning and fear conditioning. However, recent advances suggest that the amygdala is also involved in appetitive conditioning and reward-based learning [44, 45] . The amygdala receives sensory and visceral inputs and connects directly with the hippocampus [46] , and the interactions between amygdala and hippocampal regions are recognized as fundamental processes in the encoding and retrieval of emotional memory [47, 48] . Human brain imaging studies have also shown increased activation and connectivity between the amygdala and hippocampus during retrieval of autobiographical memories [49, 50] . The between-group differences in amygdala and hippocampal activation identified in the present study could therefore indicate the recruitment of learned information in the PCST group. Moreover, converging lines of evidence from human and animal studies have implicated the amygdala in opioid-and cannabinoidmediated pain modulation [51] [52] [53] , suggesting that training in PCST may help to enlist pain modulatory processes more readily, which may have a greater impact on the experience of ongoing clinical pain.
Decreased Coupling Between Pain and Anxiety in People Who Have Learned Pain PCST
The present study also identified an effect of PCST on the relationship between participants' current selfreported symptoms of anxiety and their patterns of pain-related brain activation. For participants in the Exercise group, the level of activation in the OFC and aINS during Coping scans was significantly correlated with their level of state anxiety measured with the STAI-S [21] , whereas participants who had previously completed a PCST course did not show such a relationship. Given our understanding of the involvement of these regions in coding the emotional aspects of pain, this result suggests that PCST may have long-term effects on the supraspinal processing of noxious input by decoupling the relationship between emotional and pain processing, and thereby possibly mitigating against the impact of anxiety on ongoing pain.
It is interesting to note that levels of state anxiety were not different between the groups, despite the differential relationships observed with pain-related regional brain responses. Coping with pain would be expected to have an influence on mood state, and potentially lead to a relative decrease in the group receiving training in these skills. The sample size used to investigate regional brain activations in this study may not have been adequate to show an effect on state anxiety. The cohort from whom the sample was drawn, which included more than 120 participants, did show differences in anxiety levels, favoring the group receiving Pain Coping Skills Training [54] . However, this difference was only evident at longterm follow-up, not soon after completion of the treatment when the participants in this study were assessed.
Limitations and Future Directions
The results of this study should be interpreted in light of a number of caveats. First, it is reasonable to assume that patients in both groups entered the study with some intrinsic pain coping skills because of the chronicity of their knee OA pain. However, given the relatively low rates of access to psychological interventions for people with chronic pain [55] , it is unlikely that patients had very high levels of exposure to cognitive pain management strategies prior to their involvement in the study. Further, participants opted into the study and were aware from the outset that it was a study of pain coping skills. This calls into question the representativeness of the control group, and whether between-group differences would have been enhanced if participants had been completely naïve to the research questions.
It is also important to note that due to limitations imposed by the MR environment and effects of movement and breathing rate changes on image quality, participants were restricted to using cognitive coping strategies (e.g., distraction, visualization). It is possible that group differences in pain coping effect would have been more pronounced had participants in the PCST group been allowed to enlist other practiced strategies such as progressive muscle relaxation and abdominal breathing, which may have been preferred over the strictly cognitive practices. Further, it is possible that the present study lacked sufficient power to identify any significant effect of strategy type on pain reduction. While the Determining Brain Mechanisms present study was not designed to distinguish between the relative effectiveness of different coping strategies, focusing instead on training effects in general, this poses an interesting question for future research.
The present study used an ecologically valid paradigm of clinically relevant pain to explore the supraspinal modulation of noxious input associated with the use of cognitive pain coping strategies. The results of this study support and extend previous findings showing that utilization of cognitive strategies leads to decreases in pain report and levels of pain-related activation across a widely distributed network of brain regions that process noxious input, as well as the recruitment of regions involved in the top-down modulation of those signals. In addition, the results of this study suggest that prior experience in PCST may lead to more ready recruitment of pain modulatory regions, as well as a decoupling between emotional and sensory pain processing. Finally, the results of this study have valuable implications for the clinical management of recurrent nociceptive pain, by suggesting that individuals who have experienced ongoing pain are likely to possess inherent coping skills that can be readily accessed, and that PCST can build upon these existing skills to help lessen the influence of emotional state on pain processing, and thereby help to mitigate the impacts of pain on individuals' quality of life.
